A theoretical treatment of the distribution of cations between tetIahedra1 and octahedral sites is given for titanomagnetites. The theory is based on that of NBel (1950) and involves thermal activation of iron ions whose net preference energy is such that Fe3+ ions prefer tetrahedral sites. The equilibrium cation distribution is derived as a function of temperatuie and the resulting variation of magnetic moment with composition is shown to be in agreement with the experimental data of previous workers. Further results on single crystals are presented which differ from those previously published. This is interpreted as being due to the different thermal history of the samples in accordance with the theory.
Introduction
Fe,O, and ulvospinel Fe,TiO,. Their general formula may be written Titanomagnetites are members of the solid solution series between magnetite xFe,TiO,( 1 -x) Fe, 0,; thus there are three cations per unit chemical formula. Their structure, like that of magnetite, is spinel and there are therefore two types of site occupied by the cations. These are (a) tetrahedral sites where each cation is surrounded by four oxygen ions and (b) octahedral sites where six oxygen ions surround each cation. The cation distribution of the two end members of the series is known and their formulae may be written Fe3+ [Fe3+Fe2+]0, 042-where the cations within the brackets are those located in octahedral sites. There are thus two octahedral cations and one tetrahedral cation per formula unit.
For other members of the series specified by the composition parameter x, the cation distribution is not known although various ' models ' have been suggested. The problem is that of distributing (2-2x) Fe3+ ions, (1 +x) Fez+ ions and xTi4+ ions between two types of site, one of which holds two ions, the other holding one. It has been found (Blasse 1964 ) that Ti4+ in other spinels is nearly always found in octahedral sites and there is evidence to suggest that this is also true of the titanomagnetites (Ishikawa, Akimoto & Syono 1964) . Thus if this assumption is made, the problem reduces to that of distributing (2-2x) Fe3+ ions and (1 +x) Fe2+ ions between two types of site, one of which (tetrahedral) can hold one iron ion, and the other (octahedral) can now hold (2-x) iron ions, the remainder of the octa- number of Fez+ ions in the tetrahedral site, n, = -1 +2x+m0(x).
Thus a titanomagnetite may be represented by the formula Three models of cation distribution have been proposed and the first of these is schematically represented in Fig. 1 . It postulates an equal number of Fe3+ ions in both types of site over the whole range of x, hence m, = m, = 1 -x. This model was proposed by Akimoto (1954) .
The second model is represented in Fig. 2 and is due to NBel (1955) and Chevallier et al. (1955) . They postulated, on the basis of an empirical law found by Verwey & Heilman (1947) , that Fe3+ preferentially enters the tetrahedral site. Thus on their model Fe3+ ions first fill the tetrahedral site before entering the octahedral sites. This model can be specified by m, = 1 -2x for x < 0.5, and mo = 0 for x 2 0.5.
Experimental evidence for these models may be obtained directly from measurement of the saturation magnetization. In ferrimagnetic spinels the magnetic moment (1)
The magnetic moment on the Akimoto model should therefore give line A in Fig. 3 It is shown in the following section that under different sets of conditions the cation distributions described by both the Akimoto and N6eLChevallier models are in accordance with the theory, but that of the OReilly-Banerjee model is not. The experimental results mentioned above are also explained without assuming that Ti4+ enters tetrahedral sites.
Theoretical derivation
ferrites containing divalent and trivalent cations, is given by It was shown by NCel (1950) that the parameter governing the distribution in where y is the fraction of the divalent ion located in the tetrahedral site. AE is the energy required to transfer a divalent ion from an octahedral to a tetrahedral site, this transfer being accompanied by that of a trivalent ion in the opposite direction. Experimental confirmation of this equation was given by Pauthenet & Bochirol (1951) for copper and magnesium ferrites. They found that the cation distribution depended on the temperature of quenching. Such an effect has also been found for some other ferrites.
When, however, this equation is applied to magnetite which has been quenched from a high temperature, it is found that the two octahedral sites should contain between 1 and 413 ions of Fe3+. Since the cation distribution for magnetite is Fe3+ [Fe3+Fe2+] 0 , ' -and is independent of quenching temperature, it must be concluded that either (a) AE in NCel's equation is so large that even when quenched from a very high temperature, only a negligible proportion of Fe" ions can get into the tetrahedral site, or (b) diffusion is so rapid that all the Fez+ ions can migrate out of the tetrahedral site on quenching. Applying thePe conclusions to titanomagnetites, the cation distribution would be independent of quenching temperature if either of these assumptions were to hold. This will be shown experimentally not to be the case.
A further possibility arises, however, and that is that B E steeply rises from a low to a high value when the number of Fe3' ions in the octahedral sites reaches unity. If this assumption is made, the cation distribution for magnetite is explained because AE would be high, and the dependence on quenching temperature later demonstrated for titanomagnetites is also explained, because for these AE would be low. This assumption is equivalent to postulating that the octahedral sites can only accept a maximum of one Fe3+ ion.
Theoretical justification of this assumption comes from a consideration of the conduction mechanism in magnetite. Conduction occurs in the octahedral sites of magnetite by a process of electron hopping between Fez+ and Fe3+ ions. This can take place because all the octahedral sites are equivalent and there is no net energy change involved in transferring an electron from an Fez+ to a Fe3+ ion. (This situation also holds for tetrahedral hopping but not for octahedral-tetrahedral hopping.) When magnetite is cooled, however, at a temperature of about 119 O K the conductivity suddenly decreases due to ordering. This involves successive (001) layers of octahedral sites being occupied alternately by Fe2+ and Fe3+ ions. De Boer et al. (1950) calculated that the gain in electrostatic energy due to ordering was about 1*7eV, a value which corresponds to a much higher temperature than 119 OK. To explain the low transition temperature, short-range ordering must take place above the transition point so that the difference in energy between this and the completely ordered state is small.
Thus over short distances in magnetite it is energetically much more advantageous to have an ordered rather than a random distribution in octahedral sites. It would therefore be expected that in octahedral sites initially containing only Fez+ ions, replacement of these by Fe3+ ions can take place relatively easily until the sites are equally occupied by both types of ion, at which value there is local order, i.e. 1 : 1.
To increase the number of Fe3+ ions beyond unity however is much more difficult because these now have to go into ' wrong ' positions and this is energetically very unfavourable. It is also probable that when the octahedral sites contain nearly 50 per cent Ti4+, i.e. as x approaches 1, the ordering will be very much weakened so that the remainder of the sites are available for interchange with Fe3+ ions. The assumption will therefore be made in deriving the following theoretical distribution for titanomagnetites, that the octahedral sites can only accept a maximum of one Fe3+ ion. Thus the number of Fez+ ions no' in the octahedral sites which are available for interchange is (l-mo). It will also be assumed that Ti4+ is located only in the octahedral sites.
If E,o, E32, E20 and Ett are the heights of the energy barriers separating the iron ions from interstitial positions between octahedral and tetrahedral sites, where the first subscript refers to the charge and the second the type of site, then the probability of an interchange of a tetrahedral Fe3+ ion with an octahedral Fe2+ ion is given by: pt = a m , e -E d k T . n e -E 2 0 l k T 0 using the notation of the previous section. a is a constant. Similarly the probability of an interchange of an octahedral Fe3+ ion with a tetrahedral Fe2+ ion is given by: Substituting this in equation (1) gives:
2-x(l-x) .
I'
Equation (4) thus specifies the cation distribution for any titanomagnetite quenched from temperature T and equation (5) gives the magnetic moment. It can be shown that when T -+ to, i.e. y -+ 1, the positive solution to the equation is m, = 1 -x i.e. when disorder is greatest the cation configuration corresponds to the Akimoto model. It can also be shown that as T -+ 0, i.e. y --f 0, the two solutions are m, = 0 or rn, = 1 -2x, i s . the zero temperature cation configuration corresponds to the NCel-Chevallier model. for room temperature of 0.00021. It can be seen from Fig. 4 that the room temperature equilibrium distribution deviates only very slightly at x = 0.5 from the zero temperature configuration.
Magnetic moment of quenched single crystals
The analysis presented above predicts that the higher the temperature of quenching the closer the compositional variation of saturation moment should approach a straight line. To test this prediction, the saturation moment of 19 single crystals covering the whole range of composition was measured. The crystals were grown by the author (Hauptman & Stephenson 1968) , the method of preparation involving crystallization from the melt in a fixed temperature gradient, the crystals being held just below the melting point for about one minute prior to quenching. The magnetization was measured as a function of field up to a maximum of 3000 Oe both at room temperature and with the specimens immersed in liquid N, in random orientation. Magnetization curves of 15 of the samples at 77 O K are shown in Fig. 7 . These have been normalized to the infinite field value obtained by extrapolation. The saturation magnetization for the magnetite crystal was obtained from the room temperature curve since at 77°K magnetite is magnetically too hard to be nearly saturated by the field of 3000 Oe (see Fig. 7) . The variation of saturation magnetization with nominal composition was determined assuming that the saturation moment at 77 O K would be very nearly equal to the value for 0 OK. Fig. 8 shows the result assuming the magnetic moment of magnetite to be 4 Bohr magnetons. It is apparent that these crystals have a cation distribution corresponding to the infinite temperature configuration. Since the melting points of magnetite and ulvospinel are 1600 and 1400 "C respectively, it would be expected that the crystals should give a curve with y varying from 0.266 at the magnetite end, to 0-227 at the ulvospinel end, since these values of y correspond to the above melting points. Because y = 1 as experimentally shown above, it must be concluded that in the melt, a considerable reduction in the value of AE must take place. When solidified prior to quenching, the time during which the crystals were held just below the melting point (about 1 min) must then be insufficient for the new equilibrium distribution corresponding to y -n. 0.25 to be attained.
Electrical resistivity of quenched single crystals
It has been established (Honig 1966) for an electron hopping conduction process, that the conductivity when mixed valencies are present depends on the product of the Fe3+ and Fez+ concentrations. Thus for titanomagnetites which have a cation distribution in the infinite temperature configuration (Fig. l) , the contribution to the resistivity from the tetrahedral sites should be symmetrical with composition, with a minimum at x = 0.5 and rising to high values for x = 0 and 1. The octahedral component, however, should have minimum resistivity at x = 0 and should rise rapidly with x because of the blocking effect of Ti4+ on the number of conducting paths. Moreover, the octahedral site resistivity at x = 0 should be less than the tetrahedral component at x = 0.5, because, although there are equal numbers of Fe3+ and Fez+ in both cases, octahedral cations are closer together than those in tetrahedral sites and so the hopping process can take place more easily. Thus at room temperature for such a system it would be expected that with increasing x the octahedral resistivity component should at first predominate for low x, but for higher x the tetrahedral component should be dominant.
Preliminary electrical resistivity measurements obtained by a four probe method are shown in Fig. 9 for 21 crystals. The results demonstrate that the above simple qualitative considerations are borne out experimentally since the two components can be extracted. These measurements thus give independent confirmation that the infinite temperature cation configuration holds for these crystals quenched from the melting point. Further resistivity experiments are being carried out to determine in particular the activation energies of conduction.
Consequences of a temperature dependent cation distribution
The geophysical consequences of a temperature dependent cation distribution in ferrites have been discussed by Ntel (1955) and by Verhoogen (1956) . They point out that while the disordered state may occur for recently formed ferrites, this would not necessarily be true for older samples where slow diffusion operating over geological times might result in the formation of a ferrite with an ordered cation distribution.
The possibility of a temperature dependent distribution operating in titanomagnetites seems to have been overlooked in spite of their great importance in rock magnetism. Gorter (1957) and Verhoogen (1956) suggested that because a Fe3 +-Fez+ interchange in titanomagnetites involves only the transfer of an electron, the stabilizing of a disordered state by quenching would not take place because a room temperature distribution would be quickly attained. This, however, would only be true if both lattice sites were energetically equivalent and there was therefore no energy involved in the transfer. Since this is not true for Fe3+ and Fez+ in tetrahedral and octahedral sites, one would thus expect that there should be no inherent difference between exchanging Fe3+ with Fez+ and exchanging Fe3+ with any other divalent ion. Pauthenet & Bochirol (1951) were able to show experimentally that the energies of transfer of Mg2+ with Fe3+ and Cu2+ with Fe3+ were about 0.1 eV. This is a similar result to that found here for a Fe3+-Fe2+ interchange, Although the energy AE is that governing the equilibrium distribution, diffusion will be governed by an energy E very much larger than AE. Verhoogen (1956) has pointed out that if typical values are taken for E and for the diffusion coefficient of Fe in ferrites of 80 Kcals mole-' and 10' cm2 s-' respectively, the time of attaining equilibrium would be of the order of 2 days at 500°C and greater than geological time at room temperature. Without a specific knowledge of the diffusion coefficient and activation energy, however, it is uncertain whether or not a geologically aged sample would reach a 300°K distribution which is very near to the most ordered state. It is certain, however, that some ordering will take place in rocks which are slowly cooled and hence synthetic titanomagnetites can never be produced with the same cation distribution as such naturally occurring samples of geological age.
One of the most important questions raised by this temperature dependence of cation distribution in titanomagnetites is that of reversals in magnetization by the disorder-order process. For naturally occurring titanomagnetites, the consequent slow decrease in magnetic moment with time can never lead to reversal because the octahedral sub-lattice moment is always greater than the tetrahedral. For oxidised samples which still retain the spinel structure, however, this will not necesarily be true. If a time of ten or a hundred million years is sufficient for Fe3+ to migrate to tetrahedral sites at 300"K, reversal can take place for x > 0.6, and for x > 0.65 only low degrees of oxidation would be required. Further work is to be done to establish the rate of attaining equilibrium at different temperatures in order to determine whether such a process will take place.
